The causes and impacts of, and emergency responses to, the recent catastrophic flooding in northern and central Thailand, including Bangkok, are reviewed. A number of short term and long term engineering solutions have been proposed to avoid or minimize future flooding impacts. Low impact development (LID) technologies might be one reasonable, sustainable, approach to solving urban drainage and water quality problems in Bangkok, but the local urban approaches should be integrated with watershed wide planning efforts.
Introduction
The city of Bangkok, Thailand, is located on the lower Chao Phraya river delta, which has a contributing basin of approximately 160 000 km 2 , representing 30% of the entire area of the country (Molle, 2004; Figure 18 .1). The southward flow of water towards Bangkok is managed through three larger dams, Bhumipol (storage capacity of 13.462 km 3 ), Sirikit (storage capacity of 9.510 km 3 ) and Pasak (storage capacity of 0.780 km 3 ), together with a series of smaller dams, including Krasiew, Mae Ngat, Thap Salao, Mae Kuang, Kamphaeng Phet, Naresuan, Chao Phraya and Rama VI (Yoshito et al., 2003; Molle, 2004; Chaleeraktrakoon and Kangrang, 2007) . Although flooding occurs in various areas of Thailand as part of the annual monsoon cycle, the flood of 2011 was one of the largest on record, impacting some 2.3 million people and creating $25 billion USD in damage (Royal Irrigation Department, Thailand, 2011; Thailand Research Fund, 2011; Science and Development Network, 2011) .
The peak discharge flowing through Bangkok City in 2011 was 4 700 m 3 /s, nearly double the maximum channel capacity of 2 500 m 3 /s. This extreme volume of water was the result, in part, of the unusual landfall of five severe tropical storms, Haima, Nok-ten, Haitang, Nesat and Nalgae, between June 2011 and October 2011 (Meteorological Department of Thailand, 2011) . The rain exceeded the storage capacity of the dams and consequently it flooded the lower areas of Thailand.
Bangkok has a low lying flat topography (averaging about 2 m above sea level) that increased the likelihood of higher and longer flooding. Homes and commercial areas were flooded, seven industrial estates were inundated with water depths up to 6 m to 7 m, and a number of universities (including the Asian Institute of Technology) were closed due to campus flooding (Figures 18 .2 to 18.4). Engkagul (1993) noted that the frequency of severe flooding had increased on the lower Chao Phraya delta, recently occurring every 3 y to 5 y. Increased flooding has been attributed to a variety of factors, including: land subsidence in the Bangkok area due to overpumping groundwater and urban construction; runoff increase due to urbanization; lack of systematic operation of dams and drainage; infilling of klongs (drainage canals) due to urban expansion; sedimentation in the remaining klongs; and urban encroachment directly on the klongs, which restricts flow (Engkagul, 1993; Davivongs et al., 2012; Figure 18.5) . The 2011 flooding underscores the need for both short (emergency) and long term solutions to increase system resiliency. For the short term, small and big (2.5 t each) sand bags, concrete and plastic walls, and pumps were used (Figure 18 .6). The emergency approach was available and affordable and was successful in keeping the core business area of Bangkok dry, although outlying areas were severely flooded. The long term solutions should include: dam operation rules to systematically control the water at upstream locations; the construction of polders and floodways to efficiently convey water to the ocean; regular dredging of the canals to facilitate floodwave movement; floodway zoning; and better modeling plans to assess the volume and flow of water in support of water management decisions.
Dynamic, graphically oriented models such as PCSWMM could be particularly helpful in representing flow and pumping operations in the dense network of canals around Bangkok. Another interesting idea is the proposal of a super floodway for the Bangkok area (Science and Development Network, 2011) that would take advantage of existing irrigation canals running parallel to the Chao Phraya River, but also would include a 1 km wide buffer of empty floodway along the river. In addition to the large scale flooding observed in 2011, there can be problems of localized flooding in urban areas due to short term intense rainfalls. Engkagul (1993) lamented that localized flooding in Bangkok was now occurring with rainfalls of 50 mm as the result of increased urbanization. While improved urban stormwater management plans may have less impact on large scale flooding, they may be able to effectively alleviate the temporary local flooding observed in urban and peri-urban areas. The urban stormwater management plans should be integrated with the larger flood planning framework, particularly as it impacts land use management, although such integration can be challenging in Thailand (Lebel et al., 2011) .
Rattanakosin village, in Pathum Thani province, was selected as a case study for simulating scenarios to explore the flood reduction opportunities related to localized intense rainfalls. It is a peri-urban community near Bangkok that has experienced rapid urbanization and economic growth (Ongsakul and Sajor, 2006; Pradhan and Perera, 2006; Jongkroy, 2009 ). Thailand's monsoon climate, together with the village's nearly flat topography and the gentle grade of the existing sewers, means that the village frequently experiences surface flooding. As with many communities in Thailand, the residences of the village are serviced by a septic tank, but the outflow from the tanks and combined sewage goes directly to a local canal (Kamal et al., 2008; Tsuzuki et al., 2009) .
Stormwater management remains an important but complex and costly issue to tackle for the municipality, as seasonal floods cause health hazards, disruption to the residents' livelihoods, and interruptions to business activities. While there is nothing the community can do about its monsoon climate, some possible options might minimize the stormwater incidents. In a previous case study on the improvements of the combined sewer system for the village, Chaosakul et al. (2010) proposed the following options: to increase the sewer gradeline; to boost pump capacity; and to divert some flows to Boeng Yai Lake, with a constructed wetland to treat flow before it entered the lake.
There is increasing interest in low impact development (LID) technologies as a means of more sustainable urban water management (Chang, 2010; Shamsi, 2010; Pitt and Voorhees, 2011; Lawson et al., 2011; Garrison and Hobbs, 2011) and explicit consideration of LID technologies was recently included in SWMM (Rossman, 2010) . LID can be an appropriate design tool for controlling runoff with the goal of mimicking a site's pre-settlement hydrology using design techniques that infiltrate, filter, store, evaporate and detain runoff close to its source. LID addresses stormwater through small and potentially cost-effective landscape features located at the lot level in contrast to the traditional approach of conveying, managing and treating stormwater in large costly end-of-pipe facilities located at the bottom of drainage areas.
Despite an increasing body of research related to LID technologies, Marsalek and Schreier (2009) noted that implementation at the municipal level has been limited. Most of the research that has been done for LID technologies focuses on temperate climates (Sidek et al., 2004; Simmons et al., 2008) . Silveira (2001) and Goldenfum et al. (2007) review the challenges to implementing sustainable urban drainage, particularly in developing countries having a tropical climate. Satiennam (2006) investigated the limitations of LID implementation arising from local attitudes in the flood prone area of Bangkok's Latkrabang District, such as inadequate plot size, inadequate budget for implementation, no homeowner's time for maintenance and lack of LID gardening skills. It was concluded that LID could not be achieved if its concepts were not compatible with local conditions, and could also be constrained by the poor enforcement of flood legislation.
The challenge remains to more effectively promote LID concepts and technologies both with local citizens and the Thai government. Singapore and its Four National Taps strategy provides an important example of how LID can be effectively implemented in a tropical climate. Four National Taps seeks to improve Singapore's water security, with urban stormwater being one of the taps.
An initiative under this program is the conversion of Marina Bay from a tidal waterbody into a freshwater reservoir that will harvest stormwater from a third of the urban area (Wong, 2011 ). Singapore's economy, political will, technical expertise, and stakeholder collaboration have facilitated this ambitious plan and water resource management generally is more advanced in Singapore than in its Southeast Asian neighbours. Projects in support of the stormwater strategy include extensive characterisation studies (Chua et al., 2009; Le and Chua, 2011) and demonstration projects for rain gardens (Wong, 2011) , floating wetlands (Chua et al., in press), bio-swales (Wong, 2011) and constructed wetlands (L. Chua, Nanyang Technological University, pers. comm., 2012 08 23). With the exception of Singapore, given the limited research in tropical areas, this study examines the design, hydrologic and water quality performance, and planning level costs associated with two LID scenarios to reduce surface flooding and combined sewer overflows (CSOs) for Ratanakosin village.
The study was conducted as part of a graduate course on sewerage design at the Asian Institute of Technology which has the specific aim of introducing the students to the use of mathematical modeling as a decision making tool in urban drainage and water quality problems. Application of dynamic, graphically oriented models for sewer analysis and design are not as common in Thailand as in the West. However, it is hoped that the combination of student training in model use and demonstration of model utility to government personnel will help to promote cost effective applications in the future.
Methodology

Study Area
Rattanakosin village is a typical peri-urban community of Thailand and other developing countries. The village is in Rangsit municipality located in the southern part of Pathum Thani province, Thailand. It covers an area of 2.5 km 2 . There is an excavated lake in the village, Boeng Yai, which has a surface area of 0.10 km 2 and is 5 m to 7 m deep. The other two water bodies nearby the village are the Rangsitprayoonrasak and Premprachakorn canals. Rangsitprayoonrasak canal is in the south of the village and is 16 m wide and 2.5 m deep. It is an irrigation canal that is also used for flood protection and drains to the Chao Phraya river. Premprachakorn is an excavated canal connected to the Rangsitprayoonrasak canal for drainage and irrigation purposes. It is located in the west of the village and is 10 m wide and 2.1 m deep.
Scenario Development
The class developed design plans for individual LID technologies using either CAD or Google SketchUp and these were placed throughout the village area using Google Earth for visualization and presentation purposes. An example of one of the LID designs is shown in Figure 18 .7. Ultimately, the class design concepts (e.g. Figure 18 .7) became the basis of, but were not identical to, the PCSWMM scenarios examined in this paper. Five common types of LID (bioretention cells, vegetative swales, rain barrel, porous pavement and infiltration trenches) are programmed in SWMM and are accessed through simple dialog boxes. The LID technologies were programmed using algorithms that already existed in the SWMM engine and a generic LID unit is represented by a number of vertical layers (Rossman, 2010) . Various parameters must be input by the users (Table 18 .1). Superscripts refer to scenarios 1a, 1b, 2a, 2b and 2c.
Two scenarios were developed for modeling water quantity and quality in the combined sewer system for this study. Scenario 1 examined the impact and cost strictly of a rain barrel program, and Scenario 2 examined the impact and cost of rain barrel scenarios combined with construction of bioretention cells. Furthermore, two sub-scenarios were developed for scenario 1 and three sub-scenarios were developed for scenario 2.
The subscenarios are as follows.
• Scenario 1a: a single 3.2 m 3 rain barrel was installed at each home of the village; • Scenario 1b: six rain barrels (3.2 m 3 each) were installed at each home of the village; • Scenario 2a: 33 bioretention cells (3 000 m 2 each) were placed in the eleven different subcatchments around the industrial and less developed periphery of the village and six rain barrels ) was installed at each home of the village. Scenario 1 was developed because rain barrel technology has gained a great deal of public attention in North America (e.g. http://bnriverkeeper.org/ programs/rain-barrels/) and may have the goal of capturing, at a minimum, the 5 y storm from a roof (Hager, 2003) .
Rainwater harvesting also is a means by which water can be re-used for a number of domestic purposes. The rain barrel scenario was explored by first assuming each house would install one rain barrel (2.0 m 3 ) and then iteratively increasing the size and number of rain barrels. We present only the results for a 3.2 m 3 rain barrel size, but bracket the range of results by summarizing the impact and cost of one rain barrel or six rain barrels per house.
The largest standard rain barrel size in Thailand currently is 2 m 3 , but 3.2 m 3 units are available in North America and could possibly be manufactured and distributed in Thailand. Traditional ceramic -cement water jars are commonly used in rural Thailand (Hewison and Tunyavanich, 1990; Phuanukoonnon et al., 2005; Dev Sehgal, 2008) , so household acceptance of a rain barrel in peri-urban Thailand may be even higher than in North America. Housing density in the village presents a challenge to bioretention construction at the individual lot level.
Scenario 2a represents the most likely bioretention placement with the maximum rain barrel placement while Scenario 2b has the maximum bioretention and rain barrel placement. Scenario 2c represents the combination of most likely bioretention and rain barrel placement.
Results and Discussions
LID Scenario Simulations
The hydrologic and water quality results for scenarios 1 and 2 are compared with the base case (current conditions) in Table 18 .2 for the 2 y design storm. The event hydrographs (inflow to the system and CSOs) for the different scenarios are shown in Figure 18 .8. In comparison to the current conditions, scenario 1a reduced CSO volume by 5%, the CSO pollutant load by 4% to 9%, and the average duration of surface flooding was also reduced. The more aggressive rain barrel scenario, 1b, reduced CSO volume by 9%, CSO pollutant load by 8% to 11%, as well as reducing the average duration of surface flooding. Scenario 2b, which represented a combination of aggressive rain barrel and bioretention installation reduced CSO volume by 41%, CSO pollutant load by 34% to 40%, and virtually eliminated surface flooding, as compared to current conditions. Scenario 2c represented the most likely combination of rain barrel and bioretention technologies and decreased CSO volume by 17%, CSO pollutant load by 16% to 18%, and reduced the average duration of surface flooding, as compared to current conditions. It is worth exploring model sensitivity using such plans to discover what options may be acceptable in Thailand, particularly as SWMM and many LID technologies were developed for temperate Western climates. As noted above, communities in the United States often seek to capture the 5 y rain event with rain barrels, and the design storm frequency for storm sewers is 5 y or 10 y for residential areas and 10 y for commercial and industrial areas. The 10 y, 24 h, design storm for Buffalo, NY, is approximately 86 mm and the 100 y, 24 h, design storm is approximately 122 mm. The 2 y storm for Thailand is somewhere between the 10 y storm and the 100 y storm in Buffalo, and Holman-Dodds et al. (2003) have shown that, in general, LID technologies become less effective at higher rainfall amounts. This issue may be reflected in the relatively small decrease in CSO volume associated with scenario 1a. It was beyond the scope of this study to assess the possible benefits of rainwater harvesting using the rain barrels, as was done by Pitt and Vorhees (2011) , but such considerations should be included in the future. Scenario 2 resulted in decreases for all hydrologic and water quality parameters and it appears that inclusion of multiple LID technologies within an urban area may be of benefit. Scenario 2b likely is overly optimistic as far as the combination of maximum rain barrel and bioretention coverage, but it does illustrate the level of management that could be achieved. While the bioretention cells can be aesthetically pleasing, as well as hydrologically and environmentally beneficial, larger parcels of land must be identified for construction (Table 18 .1 above). 
Cost Estimation
Costs for each of the two scenarios (in USD, 2011) were estimated from a combination of discussions with local contracting companies, standard design manuals and internet searches. The cost for each design is summarized in Table 18 .3. The costs in Table 18 .3 strictly reflect the construction of the units and as such are low estimates since they do not include design or maintenance costs. Maintenance costs, in particular, are difficult to estimate in Thailand as there essentially is no experience with these technologies. It is likely that the rain barrels would become the responsibility of the individual home owner, while the bioretention cells might be maintained by the municipality, or through public-private partnerships. 
Conclusions
There is increasing interest in LID technologies as a more sustainable approach to urban stormwater management. LID options were recently included by the USEPA in SWMM (Rossman, 2010) and these options were used to develop scenarios for stormwater management in Rattanakosin village. All scenarios reduced surface flooding and CSO discharges, but the construction costs may be prohibitive in Thailand, particularly for scenario 2, the combination of rain barrels and bioretention cells (which also produced the greatest level of water management). Montalto et al. (2007) argued that life cycle costing, water reuse benefits and public-private partnerships make LID implementation attractive in North America. It is unclear whether such economic arguments would be accepted in Thailand, but the issue should be explored. Certainly the catastrophic flooding of 2011 may provide impetus to consider innovative stormwater management options. Finally, it is important to note that we used only the 2 y design storm for Thailand in this study. Many LID technologies (including those programmed in SWMM) were developed for temperate climates with smaller rainfalls and generally such technologies be-come less effective with larger storm events. This is likely the reason we had to include such a large number of rain barrels, for example, to produce even a 10% reduction in CSO volume. This issue must be examined in greater detail if LID approaches are to be optimized for Southeast Asia and other tropical regions.
